liver surgery liver failure glutathione ophthalmic acid acetaminophen Background and Aim: Animal studies indicated that systemic ophthalmic acid (OPH) is a biomarker for hepatic glutathione (GSH) homeostasis, an important determinant of liver function. We aimed to clarify whether OPH levels can be used as a read-out for hepatic GSH homeostasis after paracetamol (APAP) challenges during pylorus-preserving pancreaticoduodenectomy (PPPD) or partial hepatectomy (PH). Methods: Nineteen patients undergoing PPPD (n=7, control group) or PH (n=12) were included. APAP (1000 mg) was administered intravenously before resection (first challenge), and six and twelve hours later, with sequential blood sampling during this period. Arterial, hepatic and portal venous blood samples and liver biopsies were taken on three occasions during the first APAP challenge. Plasma and hepatic OPH and GSH levels were quantified, and venous-arterial differences were calculated to study hepatic release. Results: Systemic GSH levels decreased during the course of the APAP challenge in both surgical groups, without notable change in OPH levels. Hepatic GSH and OPH content was not affected within ~3 hours after administration of the first APAP dose in patients undergoing PPPD or PH. In this period, net release of OPH by the liver was observed only in patients undergoing PPPD. Conclusions: The drop in circulating GSH levels following APAP administrations, did not result in an increase in plasma OPH in both patients with an intact liver and in those undergoing liver resection. Hepatic content of GSH and OPH was not affected during the first APAP dose. It is uncertain whether hepatic GSH homeostasis was sufficiently challenged in the present study. Relevance for patients: In the present study, plasma OPH seemed not useful as a marker for GSH depletion because APAP administration during liver surgery did not lead to (immediate) GSH depletion or increased OPH levels. Based on stable levels of hepatic GSH, OPH and thiyl radicals during surgery, standard APAP administration seems to be safe in a postoperative care program with regards to GSH homeostasis in this specific population. However, no general statements can be made on the basis of the current experiment, since GSH homeostasis and susceptibility to xenobiotic toxicity are influenced by several metabolic and genetic factors.
Introduction
Prediction of remnant liver function is becoming increasingly important to identify patients at risk of postresectional liver failure [1] [2] [3] . One of the important functions of the liver is the defense against diverse forms of (chemical) stress and intoxications [4] [5] [6] . For example, radicals are scavenged through reaction with glutathione (GSH), a tripeptide abundantly present in the liver. GSH is synthesized in the cytoplasm, while its degradation by plasma membrane-associated ectoenzymes takes place in the extracellular compartment. The liver releases GSH in bile and sinusoidal blood, and is considered to be the predominant source of GSH in the circulation, thus providing extrahepatic tissues with the constituents for local GSH (re)synthesis. Hepatic GSH depletion occurs if the balance between synthesis, intracellular consumption and release of GSH cannot be maintained, and results in impaired antioxidant defense and attendant cell damage [7] .
One of the processes in which GSH is involved, is the metabolism of the analgesic acetaminophen (APAP). At high doses, a significant fraction of APAP is metabolized by cytochrome P450s giving rise to the reactive compound N-acetyl-p-benzoquinone imine (NAPQI) and phenoxyl radicals derived thereof [8, 9] . NAPQI can be neutralized by GSH for subsequent export from the liver. Additionally, GSH reacts with the phenoxyl radical of APAP, resulting in the formation of a less reactive thiyl radical [10] . High doses of APAP may result in a drop in hepatic GSH levels and may cause acute liver failure [11] .
Animal and in vitro studies showed that systemic ophthalmic acid (OPH) levels increased when hepatocellular glutathione and its constituent L-cysteine, were depleted in APAP-induced hepatotoxicity models [12] . OPH is an endogenous tripeptide analogue of GSH and is formed by the same enzymes, with incorporation of 2-aminobutyric acid rather than L-cysteine in the initial biosynthetic step [12] [13] [14] [15] . OPH lacks a reactive thiol group and is thus devoid of antioxidant properties. It has been suggested that OPH makes use of the same transporter system as GSH and therefore would minimize cellular GSH efflux to preserve cell integrity [12] . Since L-cysteine availability is considered the ratelimiting factor in hepatic GSH formation, elevated plasma OPH concentrations may be a read-out of hepatic GSH depletion.
Patients undergoing partial hepatectomy for benign or malignant liver disease often receive APAP pre-and postoperatively to enhance their recovery through reduction of pain [16] . Reduced preoperative liver quality and chemotherapy, as well as extended resections can result in reduced liver function following resection. In the presence of a diminished liver volume and additional surgical stress during partial hepatectomy (PH), the administration of a normal dose of APAP has been suggested to lead to a faster depletion of hepatic GSH stores [17] . This is one of the reasons why APAP is considered contraindicated after hepatic resection by many clinicians. In the present study we investigated whether an APAP challenge resulted in altered plasma levels and liver content of GSH and OPH in patient groups undergoing abdominal surgery.
Materials and methods

Patient inclusion
All consecutive patients between October 2010 and October 2011 who were older than 18 years and underwent non-laparoscopic liver resection at the Maastricht University Medical Center for malignant disease, were considered for inclusion in this prospective study. In the same time frame, patients undergoing pancreatic surgery were included as control group with the following rationale: (I) they experience comparable surgical stress as patients undergoing liver resection but their functional liver capacity remains conserved, (II) there are no major differences in anesthetics during liver and pancreatic surgery, and (III) during pancreatic surgery blood can be drawn more easily from the portal and hepatic vein than during other types of major abdominal surgery allowing the study of splanchnic GSH/OPH release. Exclusion criteria in both groups were alcohol abuse up to six months before participation in this study, aberrations or insufficiency of kidney, liver, gut, heart or lungs, apart from the underlying malignancy, the presence of persistent inflammation in the gut or liver, the use of drugs known to affect liver metabolism, anemia or infection, HIV infection or hepatitis.
Patients were included at the outpatient department, and admitted to the hospital one day prior to operation. Routine blood tests were performed at this time. The study was approved by the medical ethical committee of the Maastricht University Medical Center (study number: NL26884.068.09 / 09-3-010) and conducted according to the revised version of the Declaration of Helsinki (October 2008, Seoul) and the Medical Research Involving Human Subjects Act (WMO). All patients participating in this study gave written informed consent. After surgery, standard clinical care was provided according to the enhanced recovery after surgery (ERAS) protocol [16] .
Outcome and definitions
The primary aim of the study was to investigate whether systemic OPH levels could be an indicator of hepatic GSH depletion. Secondary outcome was the effect of an APAP challenge on generation of thiyl radicals. Liver resections were classified as major (≥3 Couinaud segments) or minor (<3 segments) resections. Morbidity was defined as any complication within 90 days after surgery, whereas major morbidity comprised complications with a Dindo-Clavien grade of 3 or higher [18] .
Operative procedure
Patients were anaesthetized using isoflurane and propofol. They routinely had an epidural catheter, urinary catheter, two peripheral venous catheters and catheters in a jugular vein and radial artery. Pylorus-preserving pancreaticoduodenectomy (PPPD; modified Whipple procedure) was performed for curation; in case of irresectability, a palliative double bypass was created. In this study, double bypass surgery and PPPD are both referred to as PPPD. PH was performed as detailed elsewhere [19] .
Intravenous APAP-challenge model
APAP (1000 mg, Perfalgan solution for intravenous infusion, 10 mg/ml, Bristol-Myers Squibb Pharmaceuticals, no organic solvents added) was administered intravenously during surgery directly after mobilization of the liver but before resection (APAP#1), and six (APAP#2) and 12 (APAP#3) hours later ( Figure 1 ). The APAP solution (100 mL) was administered in less than 5 minutes. 
Blood and tissue sampling
Radial artery blood samples were obtained at eight predefined time points: after induction of anesthesia, after incision of the liver/pancreas, immediately before the first APAP challenge (APAP#1), one hour after the first APAP challenge (APAP#1+1h), and after resection of the liver/ pancreas ( Figure 1 ). Postoperatively, radial artery blood samples were taken immediately before the second and third APAP challenge (APAP#2 resp. APAP#3), and six hours after the final challenge (APAP#3+6h). For study of venousarterial differences (ΔVA), blood was drawn nearsimultaneously from the radial artery, portal vein, and one of the hepatic veins. This was performed on three occasions, viz. at APAP#1, APAP#1+1h, and after completion of liver/pancreatic resection. Concurrent intra-operative liver biopsies were taken in both groups on these time points. In case of liver resection, blood samples and biopsies were taken from the non-tumor bearing hemi-liver.
VA differences (ΔVA) across the portal drained viscera (PDV), liver and splanchnic area (SPL) were calculated using the following formulae:
Sample preparation and OPH/GSH measurements
Blood samples were collected in pre-chilled heparinized vacuum tubes (6 mL) and immediately centrifuged at 4 °C at 3500 *g for 10 minutes in the operating theatre. Obtained plasma samples were stored at -80°C until analysis. For OPH and GSH measurements, plasma samples were deproteinized by the addition of an equal volume of a freshly prepared 5% (w/v) 5-sulphosalicylic acid solution containing 0.1% (w/v) vitamin C (British Drug Houses, Amsterdam, The Netherlands) to prevent oxidation of GSH. Liver samples were homogenized by microbeating 10 mg of liver tissue in 100 microliter of the above solution, and homogenates were stored at -80 °C until analysis. Prior to analysis, all samples were centrifuged for 10 minutes at 50000 *g at 4°C. OPH and GSH were measured in plasma and liver homogenate supernatants using liquid chromatography-mass spectrometry [20] .
Quantification of thiyl radicals
Thiyl radicals were assayed using electron spin resonance (ESR) spectroscopy at low temperature [21] . For this, frozen human liver biopsies were placed in liquid nitrogen in a quartz liquid finger Dewar at the center of the spectrometer's high sensitivity cavity. ESR spectra were recorded on an X-band spectrometer (Bruker EMX 1273, Biospin, Rheinstetten, Germany) operating at 9.50 GHz. Instrumental settings were: magnetic field: 3325 G; scan range: 150 G; modulation frequency 100 kHz modulation amplitude: 5 G; receiver gain: 1 x 10 [5] ; power: 20 mW; time constant: 20.84 ms; scan time: 40.96 ms; number of scans: 20. Thiyl radicals were quantified by peak surface measurements using the WIN-EPR spectrum manipulation program (Version 2.11, Bruker, Rheinstetten, Germany).
Patient characteristics
Nineteen patients (seven females; 12 males) scheduled for a PPPD or liver resection were included in this study (Table 1) . Seven patients had a pancreatic malignancy, of whom four underwent a PPPD and three received a palliative double bypass. None of these patients received neoadjuvant chemotherapy. Twelve patients underwent a liver resection for primary (n=2; isolated cases of intrahepatic cholangiocarcinoma and hepatocellular carcinoma) or secondary (n=10, nine cases of CRLM, single case of metastases of a melanoma) liver malignancies. Neoadjuvant chemotherapy was administered in six out of 12 patients undergoing liver resection. Three patients underwent major liver resection. Biochemical assessment showed no significant differences between the surgical groups in liver-related parameters (Table 1 ). Histopathological evaluation revealed that none of the patients had cirrhosis of the liver (a condition associated with reduced intrahepatic GSH levels) [22] . Regarding the postoperative course, no significant differences were observed between surgical groups with regard to length of hospital stay, overall and major morbidity (Table 1) .
Statistical analyses
Statistical analysis was performed using the Statistical Package for the Social Sciences (SPSS) version 24.0 (IBM, New York). All data are expressed Similar directionality of correlations between arterial GSH and OPH was observed upon stratification for type of surgery (data not shown), hence data of all patients were pooled to increase power of correlation analysis. Arterial GSH and OPH were positively correlated at all time points (ρ between 0.51-0.90, supplemental data, Appendix 1).
Results
Effect of APAP challenge on hepatic levels of GSH, OPH and APAP thiyl radicals
Effect of APAP challenge on arterial GSH and OPH levels
Plasma levels of GSH and OPH were not different (p = 0.536 and p = 0.432, respectively) between surgical groups at baseline (i.e. time point of anesthesia) ( Figure  2) . A significant change in time was observed for plasma GSH levels in both surgical groups (p = 0.001 for both groups). Post-hoc pair wise comparisons of the respective time points versus baseline reached no significance in the PPPD group, whereas GSH levels were significantly lower 2-3 hours after resection of the liver (i.e. APAP#2 time point, p = 0.003, Figure 2A ). Plasma OPH levels changed significantly over time in patients undergoing PPPD (p = 0.013) or PH (p = 0.005), although the directionality in time was less clear than for GSH ( Figure 2B ). The latter appeared to be reflected in lack of significant changes in direct pair wise comparisons of time points versus baseline. Direct comparisons between the surgical groups revealed that neither GSH nor OPH levels differed significantly at any of the time points during the course of the APAP challenge (data not shown). Figure 3B) .
Likewise, baseline levels of APAP-derived thiyl radicals were similar in liver of patients undergoing PPPD or PH (2.1·10 [9] [0.36-5.6·10 [9] ] vs. 3.4·10 [9] [0.11-6.7·10 [9] ] radicals/g liver, resp.; p = 0.335), and levels did not change over time in either group (p = 0.717 and p = 0.867, resp.) ( Figure 3C ).
Effect of APAP on hepatic movement of GSH and OPH
Simultaneous drawing of portal venous, radial arterial and hepatic venous blood at three occasions during the course of the first APAP administration, allowed the assessment of the early effects of this challenge on the net extraction or net release of GSH and OPH by the liver (Appendix 2).
Contrary to expectation, there was no net release of GSH from the liver at baseline in patients undergoing PPPD (p = 0.297) or PH (p = 0.677), although net release was apparent one hour after APAP administration in the PPPD group (p = 0.031) ( Figure 4A, gray bars) . In contrast, net hepatic and splanchnic release of OPH was observed at baseline and both time points after APAP challenge in patients undergoing PPPD (p between 0.016 and a trend of 0.063), but not in patients undergoing liver resection ( Figure 4B ).
VA differences for GSH across the PDV were not significant at baseline or the later time points in either group, indicating that there was no net movement of GSH across the tissues draining into the portal vein ( Figure 4A, white bars) . Likewise, in general there was no net movement of OPH across the PDV in the course of the first APAP administration, although net extraction by the PDV did occur after completion of liver resection (p = 0.031) ( Figure 4B , white bars).
Discussion
In the present study we investigated whether plasma OPH is useful as a read-out for hepatic GSH depletion in humans. To this end, a total of three doses of APAP were administered in a peri-operative time frame of 18 hours, to patients with preserved (PPPD group) and reduced (PH group) liver mass. Our main finding is that the decline in plasma GSH, observed in both groups during the course of the APAP challenge, was not accompanied by a reciprocal increase in plasma OPH. Rather, the positive correlation between circulating GSH and OPH under a clinically realistic APAP regimen, calls for careful consideration of data from earlier animal and in vitro experiments.
Acute effects of the first gift of APAP on hepatic GSH homeostasis could be studied in the ~3 hour interval between start and completion of the respective resection procedures. Within this time frame there were no alterations in hepatic GSH or OPH content, nor was there enhanced production of thiyl radicals in either patient group (Figure 3) . Although the liver is considered the predominant source of GSH in the circulation [23] , we did not observe net hepatic GSH release prior to, or after APAP administration in the present Figure 4 . Venous-arterial differences across visceral tissues during the course of the first APAP challenge. Venous-arterial concentration gradients of GSH and OPH across the PDV, liver and splanchnic area in patients undergoing PPPD (A) or PH (B). Data are plotted as median with interquartile range. *p<0.05 versus a theoretical median of zero. Abbreviations: APAP, acetaminophen; PDV, portal drained viscera; PPPD, pylorus-preserving pancreatoduodenectomy; PH, partial hepatectomy; GSH, glutathione; OPH, ophthalmic acid. study ( Figure 4) . Net hepatic and splanchnic release of OPH was observed though in patients undergoing PPPD, with a similar magnitude maintained during the 3 hours after the first APAP administration. Above findings indicate that APAP did not result in acute oxidative stress or prompt alterations in hepatic GSH homeostasis. Obviously, longer term effects of the sequential APAP administrations could not be studied at the level of the liver. The integral APAP challenge resulted in significant lowering of circulating GSH levels ( Figure 2 ). Plasma GSH levels were similar in both surgical groups at all studied time points. Hence, removal of part of the liver, considered the main source of circulating GSH, did not result in a further decline of plasma GSH. The latter is consistent with the absence of net hepatic GSH release in the current study.
Although animal studies revealed elevation of plasma OPH following APAP-induced depletion of hepatic and circulating GSH, an inverse relationship between plasma GSH and OPH was not apparent in our patients. The applied APAP doses in this study were equal to doses used in standard postoperative care and comparable with normal clinical practice (maximum of 4000 milligrams a day). Cumulative APAP dose was rather low in comparison to levels attained in in vitro models and mouse studies, the latter with concentrations up to 600 mg/ kg body weight [9, 12, 13] . Geenen et al. used a mathematical model based on data from hepatic cell lines to predict intracellular and extracellular concentrations of OPH following APAP administration [24] . Extracellular OPH concentrations remained stable until the intracellular GSH concentration decreased under a threshold, after which OPH production increased. Based on above studies it can be concluded that OPH is a good marker for hepatic GSH homeostasis under conditions of severe GSH depletion. Unchanged intra-operative hepatic content of GSH, OPH, and APAP-derived thiyl radicals indicate that those conditions were not met in the current human model, at least not in the first three hours after the initial APAP dose. Assuming an average adult liver weight of 1500 g, and conversion of 5% of ingested APAP (i.e. 50 mg = 0.33 mmoL) into GSHconsuming NAPQI, we estimated that the initial APAP dose resulted in consumption of 0.22 µmol GSH/g liver. Considering hepatic GSH levels of 1.5 µmol GSH/g liver ( Figure 3A) , about 15% of hepatic GSH content would be consumed. This is far less than the hepatic GSH depletion (>90%) after an APAP overdose in mice [12] . Increasing the APAP dose would not be justified because of concerns of acute liver failure [25, 26] , especially for patients undergoing (liver) surgery.
Arterial GSH and OPH were positively correlated at all studied time points. Since OPH and GSH are synthesized through the same enzymatic machinery [12] , is it likely that there is competition between the initial substrates which may explain the same dynamics in plasma. In the present study,hepatic GSH and OPH levels did not correlate with their respective levels in plasma (p between 0.071-1.000). This is in contrast with findings of Soga et al. who showed a good correlation between hepatic and systemic OPH in an APAP-related mouse model [12] and demonstration by Kombu et al. that 2 H labeling of plasma GSH was an indicator for 2 H labeling of liver GSH in a rat model [14] . An explanation could be that in the rat model of Kombu et al. arterial blood sampleswere taken from the aorta, whereas in the mouse model of Soga et al. it is unclear from what puncture site blood samples were taken. Geenen et al. measured OPH concentrations in medium of cultured hepatic cell lines [27] . All studies thus have potentially assessed OPH concentrations in different fluid compartments, and the influence of this on the results is unclear.
The fact that APAP administration during liver surgery did not lead to (immediate) GSH depletion or increased OPH levels granted valuable information about the safety of administration of APAP used after liver surgery in a standard postoperative care program. Based on stable levels of hepatic GSH, OPH and thiyl radicals during surgery, standard APAP administration seems to be safe in this specific population with regards to GSH homeostasis. Hence, our findings support the notion of Hughes et al. who concluded that use of APAP is safe in patients undergoing major liver resection, provided that liver function is adequate [28] . However, no general statements can be made on the basis of the current experiment, since GSH homeostasis and susceptibility to xenobiotic toxicity are influenced by numerous factors including genetic polymorphism in glutamate cysteine ligase [29] , altered levels of the expression of genes encoding the γ-glutamyltranspeptidase enzyme, and GSH synthase deficiency and changes in methionine metabolic pathway (i.e. in cirrhotic patients and in patients with homocysteinemia) [30] . Even in healthy individuals, peak ALT elevations up to 8-fold were reported in 27% of participants receiving a therapeutic dose of APAP [31] . Therefore, caution is still warranted with APAP as a postoperative analgesic following liver resection.
The present study is hampered by some limitations. The APAP solution that was used in this study contained 0.1 mg/ mL L-cysteine. Although this could have effected GSH/OPH synthesis, this amount is 80 times lower on a molar basis than the amount of APAP administered. In patients suffering from APAP-intoxication, the amount of L-cysteine that is repeatedly administered is more than 1000 times higher. In addition, only three patients underwent major hepatectomy. It was therefore impossible to determine the effect of liver resection volume on arterial or hepatic GSH and OPH. At last, the influence of anesthesia on GSH and OPH metabolism is unknown, and it would be worthwhile to assess arterial OPH and GSH before induction of anesthesia as optimal baseline measure.
In conclusion, this is the first human study in which the usefulness of OPH as a read-out for hepatic GSH metabolism was explored. APAP administration had no acute effects on References hepatic levels of GSH and OPH, and eventually resulted in lowering of GSH in the circulation. Plasma GSH and plasma OPH were positively correlated at all time points during the course of the APAP challenge, and raises the question whether hepatic GSH homeostasis was sufficiently challenged in the current study. Alternatively, findings from animal studies may be explained by APAP dosing effects. Future studies are needed in order to examine validity of plasma OPH as a biomarker for hepatic GSH depletion in clinical practice. Informative patient groups may be patients with acute (APAP intoxication) or postresectional liver failure [32] .
